Background The direct lateral approach to THA provides good exposure and is associated with a low risk of dislocations, but can result in damage to the abductor muscles. The direct anterior approach does not incise muscle, and so recovery after surgery may be faster, but it has been associated with complications (including fractures and nerve injuries), and it involves a learning curve for surgeons who are unfamiliar with it. Few randomized trials have compared these approaches with respect to objective endpoints as well as validated outcome scores. Questions/purposes The purpose of this study was to compare the direct anterior approach with the direct lateral approach to THA with respect to (1) patient-reported and validated outcomes scores; (2) frequency and persistence of abductor weakness, as demonstrated by the Trendelenburg test; and (3) major complications such as infection, dislocation, reoperation, or neurovascular injury. Methods We performed a randomized controlled trial recruiting patients from January 2012 to June 2013. One hundred sixty-four patients with end-stage osteoarthritis were included and randomized to either the direct anterior or direct lateral approach. Before surgery and at 3, 6, 12, and 24 months, a physiotherapist recorded the Harris hip score (HHS), 6-minute walk distance (6MWD), and performed the Trendelenburg test directly after the 6MWD. The patients completed the Oxford Hip Score (OHS) and the EQ-5D. The groups were not different at baseline with respect to demographic data and preoperative scores. Both groups received the same pre-and postoperative regimes. Assessors were blinded to the approach used. One hundred fifty-four patients (94%) completed the 2-year followup; five patients from each group were lost to followup. Results There were few statistical differences and no clinically important differences in terms of validated or patient-reported outcomes scores (including the HHS, 6MWD, OHS, or EQ-5D) between the direct anterior and the lateral approach at any time point. A higher proportion of patients had a persistently positive Trendelenburg test 24 months after surgery in the lateral approach than the direct anterior approach (16% [12 of 75] versus 1% [one of 79]; odds ratio, 15; p = 0.001). Irrespective of approach, those with a positive Trendelenburg test had statistically and clinically important worse HHS, OHS, and EQ-5D
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Introduction
THA is one of the most effective interventions in modern medicine [24] , providing long-term pain relief and restoration of function in patients with end-stage osteoarthritis [7] , but there is no consensus as to which surgical approach is best. The direct lateral approach described by Hardinge [18] has been used with good results for many years [5] . The release of the gluteus minimus and the anterior third of the gluteus medius provides good access but can lead to trochanteric pain [20] and gluteal insufficiency [3] . In recent years, there has been a renewed interest in the SmithPetersen approach [45] . The modified form, often referred to as the direct anterior approach, utilizes the intermuscular and internervous interval between the tensor fascia latae and the sartorius muscles superficially and, more deeply, between the gluteus medius and the rectus femoris. Some studies suggest this approach is associated with a shorter recovery period [11, 32, 56] , less postoperative pain [15, 33] , and decreased risk of revision [34, 44] . On the other hand, others suggest that the direct anterior approach is associated with a higher risk of complications including fractures [22] , nerve injuries [54] , and premature revisions [13, 31, 57] , and serious concerns have been raised about the increase in complications during the learning curve for surgeons who are not familiar with it [22, 46, 54] .
Given that the two approaches both are in common use and given that both seem to have advantages and disadvantages, well-controlled and ideally randomized studies comparing them are especially important. Unfortunately, only a few such studies have been done [11] , and many of these studies leave important questions unanswered or have methodologic shortcomings. A meta-analysis by Yue et al. [56] comparing the direct anterior and the direct lateral approach found only 12 studies to include of which only two were randomized controlled trials [33, 42] . Several retrospective studies compare patients before and after introducing the direct anterior approach [1, 15, 40, 41, 51] , leaving questions about the influence of the learning curve and patient matching. Other studies focus solely on the inhospital period with no further followup [1, 15, 33] and others only on revisions as an endpoint [13, 31, 34, 44, 57] with no information on outcome scores or patient-reported data.
In the context of a randomized controlled trial, we compared the direct anterior approach with the direct lateral approach to THA with respect to (1) patient-reported and validated outcomes scores; (2) frequency and persistence of abductor weakness, as demonstrated by the Trendelenburg test; and (3) major complications such as infection, dislocation, reoperation, or neurovascular injury.
Materials and Methods
This randomized controlled trial performed at a nonteaching hospital in the south of Norway was approved by the regional ethics committee and registered on ClinicalTrials.gov (ClinicalTrials.gov identifier: NCT01578746). Approval to conduct the study according to the protocol and to collect data was given by the hospital's research department.
In our institution, we used the direct lateral approach for several years before making the transition to the direct anterior approach in November 2009. Five surgeons (KEM, KK, SS, PA, TF) with previous experience with the direct lateral approach started using the direct anterior approach as a result of ongoing concerns with persistent abductor weakness after surgery. After having collectively performed several hundred THAs using the approach [6, 10] , we wanted to perform a prospective, randomized trial to see if the approach led to better clinical results than the direct lateral approach.
Candidates for inclusion were patients with clinical endstage osteoarthritis confirmed by plain radiographs and aged between 20 and 80 years. Written informed consent had to be signed to participate. Exclusion criteria were previous surgery of the included hip, body mass index (BMI) > 35 kg/m 2 , an explicit request regarding approach as well as dementia/psychiatric illness, or inadequate language skills preventing followup.
During the inclusion period of January 2012 to June 2013, all 379 primary THAs performed in our hospital were considered for inclusion. Of these, 201 patients were excluded based on the inclusion/exclusion criteria ( Table 1) . Patients who sought out our hospital because they explicitly wanted the direct anterior approach were not asked to participate as a result of the likely bias of them believing the direct anterior approach was better. Demographic data on these patients and those who declined to participate are compared with those included (Table 2) . Fourteen declined to participate, yielding 164 patients to be randomized.
The allocation sequence was generated by two of the authors (KEM, KK) by drawing from box notes with the word "anterior" or "lateral" hidden on them and placing them in opaque, sealed envelopes [43] . The envelopes were then drawn from a box again and sequentially numbered. The sequence was concealed until assignment, which was done the day before surgery. Eighty-four patients were allocated to the direct anterior approach and 80 patients to the direct lateral approach. There was no crossover between the study groups, and so all analyses were based on intention-to-treat principles.
One patient from the direct anterior group withdrew before surgery as a result of being diagnosed with cancer, resulting in 83 patients receiving THA in the direct anterior group and 80 in the direct lateral group. Of the 164 randomized patients, 154 patients (94%) completed the 24-month followup with five patients lost in each group. One patient in the direct anterior group sustained an atraumatic brain hemorrhage 20 months after the THA resulting in total aphasia preventing followup and one withdrew as a result of rapidly progressing dementia. In the direct lateral group, one American Society of Anesthesiologists (ASA) Grade 3 patient with morbus Parkinson disease died of an unknown cause 22 months after the THA and one patient withdrew stating that unsuccessful surgery of her spinal stenosis prevented further participation in the study. The other patients lost to followup did not state any reason (Fig. 1) .
Baseline demographic data recorded before surgery were age and sex, BMI, ASA grade, and Charnley category [8] . Only one hip per patient was included and diagnosis leading to THA was recorded. The groups were not different at baseline with respect to demographic data (Table 3) .
Preoperatively, and at all followup visits, all patients completed the Oxford Hip Score (OHS) [9, 35] and the EQ-5D HRQoL [14] . The OHS is a hip-specific patientreported outcome measure in which the patient reports on 12 different aspects of hip function with scores ranging from 0 to 48 with 48 being the best. The minimum clinically important difference (MCID) is 5 [4] . The EQ-5D-3L was used. This consists of five dimensions with three levels from which an EQ-5D index is calculated, the best possible score being 1 and lower, sometimes negative, scores indicating worse health-related quality of life. The EQ-5D index was calculated using the European visual analog scale (VAS)-based value set [16] . The MCID for the EQ-5D index is 0.074 [52] . Included in the EQ-5D is also a VAS score in which patients rate their overall health status on a scale of 0 to 100, 100 representing perfect health.
A physiotherapist (ELM, ABS, HEA) blinded to the planned and used approach assessed all patients preoperatively and at subsequent followup, recording the Harris hip score (HHS) [19] , measuring the 6-minute walk distance (6MWD) [28, 38] , and performing the Trendelenburg test [17] directly after the 6MWD. The HHS is an objective measure of hip function in relation to pain, function, and activity as well as ROM. It ranges from 0 to 100 with a higher score indicating better hip function. The MCID is 10 [50] . 6MWD is a reliable measure of walking Table 2 . Demographic data on the patients excluded as a result of an explicit request regarding approach (n = 114) and those who declined to participate (n = 14) compared with those included in the study endurance and is validated for patients undergoing THA [49] . The MCID is 79 m [36] . Trendelenburg testing was performed immediately after the 6MWD. The patients were instructed to stand unsupported on the operated leg and flex the contralateral hip to approximately 45°. The test was deemed negative if the patient, after having found their The THAs were performed by five surgeons with experience using both approaches, having used the direct lateral approach for several years and after introducing the direct anterior approach collectively having performed several hundred THAs using that approach [6, 10] . All five surgeons performed a similar number of the two approaches in the study.
All procedures were performed using the same form of anesthesia, local infiltration analgesia, antibiotic prophylaxis, and the same implants, a cemented cup (Marathon ® ; DePuy, Warsaw, IN, USA), uncemented stem (Corail ® ; DePuy), and a ceramic head with a diameter of 32 mm (Biolox ® forte; Ceramtec, Plochingen, Germany) [27] . Postoperative management was identical for all patients.
The direct anterior approach was performed with the patient in the supine position on a standard operating table. A slightly oblique skin incision measuring approximately 8 cm was used, staring 3 cm distally and laterally to the superoanterior iliac spine. The subcutaneous tissue and the fascia centrally over the tensor fascia lata muscle were divided followed by blunt dissection to open the interval between the tensor facia lata and the sartorius muscle. The lateral circumflex arteries were identified and cauterized. The joint capsule was exposed and the anterior portion removed. A double osteotomy of the femoral neck facilitated removal of the head followed by traditional preparation of the acetabulum using an offset reamer and the cup was cemented in place. Next, the capsule was released distally to reach the lesser trochanter to evaluate the level of the osteotomy compared with the preoperative template followed by release of the superior capsule to elevate the femur to allow access to the femoral canal. The leg was then placed in external rotation, adducted under the contralateral leg, and the hip was extended by lowering the foot end of the table approximately 30°. No traction was used. The femoral canal was opened followed by standard preparation by use of an offset reamer and the stem implanted.
The direct lateral approach was performed with the patient in a lateral decubitus position. A straight skin incision, measuring approximately 14 cm, centered over the greater trochanter was used. The subcutaneous tissue and the fascia lata were divided in line with the skin incision. The anterior third of the gluteus medius along with the gluteus minimus was released from the greater trochanter followed by exposure and removal of the anterior part of the joint capsule. The hip was dislocated, and an osteotomy was performed after releasing the capsule down to the lesser trochanter to decide the level of the osteotomy compared with the preoperative template. The head was removed before traditional preparation of the acetabulum using a straight reamer and cementation of the cup. The leg was then placed in external rotation and adduction before opening of the femoral canal, standard preparation of the femoral canal by a straight reamer, and stem implantation.
Patients were seen at 3, 6, 12, and 24 months. Complications were recorded, both general medical complications as well as those directly related to the included hip, including prosthetic joint infection, venous thromboembolism, dislocations, and neurovascular injury. Patients who demonstrated persistent severe abductor weakness and severe pain in the trochanteric region underwent MRI. If the MRI showed detachment of the gluteus medius and minimus, the patient was offered surgery with direct suture of the muscle/tendon to the trochanter.
Statistical Analysis
Our primary study outcome was the HHS at 2 years. Descriptive statistics were presented as mean 6 SD for continuous variables and percentages for categorical variables. For group comparison for continuous variables, the mean difference with 95% confidence interval (CI) was calculated and tested using an independent sample t-test and for categorical variables by the chi-square test. The ceiling effect for the HHS and OHS was calculated. Statistical analysis was performed using SPSS, Version 25 (IBM SPSS, Chicago, IL, USA). Probability values < 0.05 were considered statistically significant. Power calculation was based on the HHS [19] with a MCID of 10 and SD of 15 yielding a standardized difference of 0.66. To provide 80% power, 70 patients were needed in each group [55] . To account for loss of followup, the decision was made to include at least 80 patients in each group.
Results

Outcome Scores
There were few statistical differences and no clinically important differences in terms of validated or patientreported outcomes scores, including the HHS ( Fig. 2A) , 6MWD (Fig. 2B) , OHS (Fig. 2C) , or EQ-5D (Fig. 2 D-E) between the direct anterior and the direct lateral approach at any time point. The statistical differences were the OHS after 3 months with the direct anterior group (mean 39; SD 7) and the direct lateral group (mean 36; SD 7; mean difference 3; 95% CI, 0.5-5) and the EQ-5D index after 12 months. The mean for the direct anterior group was 0.83 (SD 0.18) and for the direct lateral 0.77 (SD 0.20; mean (Fig. 4 A-C). These differences were both statistical and clinical with the differences above the MCID.
Complications
There were five nerve injuries in the direct anterior group (three transient femoral nerve injuries, resolved by 3 months after surgery, one tibial nerve injury with symptoms that persist 24 months after surgery, and one patient with permanent damage to the lateral femoral cutaneous nerve) and none in the lateral approach group. All femoral nerve palsies resolved completely before 3 months with all patients reaching HHS > 90. The damage to the posterior tibial nerve resulted in no loss of motor function, but hyperesthesia and pain in the innervated skin area. This lasted throughout the 2-year followup and was considered permanent. Permanent sensory loss in the distribution of the lateral femoral cutaneous nerve occurred in one patient. There was one perioperative complication in the direct anterior group with avulsion of the greater trochanter, which was fixed with a cable wire during primary surgery with no sequelae.
In the direct lateral group, one patient had a superficial infection diagnosed at the time of suture removal. It was treated by antibiotics only and the patient completed followup with the implant intact and no sign of infection. One further patient sustained a deep infection after removal of a painful exostosis of the greater trochanter 9 months after surgery. After unsuccessful eradication of the infection, one-stage revision through the same approach was performed 13 months after the primary surgery. Antibiotics were given for 3 months and the patient completed followup with no further need for surgery and with no signs of infection. Four patients in the direct lateral group had detachment of the released part of the gluteus medius and minimus diagnosed by MRI and clinical examination; they were reoperated on with reinsertion 2, 9, 10, and 11 months after primary THA. Two patients improved after the revision reaching a HHS of 92 at 12 months after surgery and the other 84 after 24 months; the other two unfortunately remained unsuccessful with HHS of 52 and 41 after 24 months.
One patient in the direct anterior group was put on warfarin (Marevan™; Takeda, Tokyo, Japan) for 3 months because of clinically suspected deep venous thrombosis 13 days after the THA, the thrombosis not confirmed by ultrasound or venography. In the direct lateral group, one patient was diagnosed with a pulmonary embolus on pulmonary CT angiography 30 days after the THA and was also treated with warfarin for 3 months.
Discussion
No consensus exists as to which surgical approach is the best for performing THA. The direct lateral approach has been used for many years with good results. The direct anterior approach is gaining popularity with some studies showing less pain postoperatively and quicker rehabilitation, but at the cost of an increased rate of complications. Few prospective, randomized controlled studies comparing the two approaches exist. In this prospective, randomized controlled trial we found no clinical difference in HHS, 6MWD, OHS, or EQ-5D between the direct anterior and the lateral approach at any time point. The level of Trendelenburg test-positive patients differed in favor of the direct anterior approach, and irrespective of approach, those who were Trendelenburg test-positive had clinically worse scores than those with a negative Trendelenburg test. Our study has some potential weaknesses. Blinding the patients to the approach was attempted. The likelihood, however, is that several, if not all, patients figured out which approach their THA was performed through from the scar, which could influence results at followup. The power calculation for our study was based on the HHS and concerns have been raised about the ceiling effect (Table 4) when using the score in clinical trials [53] . The HHS had over the recommended 15% of patients with a top score at 12 and 24 months, but the difference between the approaches was not statistically different and hence should not be biased toward one approach. Lim et al. [26] reported no ceiling effect when using the OHS, but in our study, it was over the recommended 15% for both approaches at 12 and 24 months and for the direct anterior approach at 6 months.
Our study is not powered to deal [11] with safety endpoints. The incidence of perioperative fractures, nerve injuries, or infections is too low to be able to say anything definite about them with 164 patients in the study. For this, larger cohorts or register studies are needed. Keeping this in mind, however, studies have raised concerns about the level of complications using the direct anterior approach [22, 46] . The surgeons in this study were beyond the learning curve and the number of nerve injuries indicates that caution must be shown not only during the learning curve, but at all times when operating through the direct anterior approach.
We found no clinically important differences at any point between the two approaches on any patient-reported outcome measure. Few comparable studies exist, but some studies indicate early benefits with the direct anterior approach over the direct lateral approach [11, 21, 42, 56] , whereas others show no difference [12, 48] . Having compared the two approaches in a randomized trial, measuring several different scores, but having found no clinical difference on group level, we believe that any potential difference is leveled out by 3 months, which was our first postoperative measurement. The choice of approach to use in THA should be based not on functional scores, because the benefit of the direct anterior approach seems short term, but perhaps on the level patients with a limp and/or the level of complication associated with the different approaches.
Although not a specific test for direct damage to the abductor muscles, the use of the Trendelenburg test in postoperative assessment of THA has been recommended [17] . We found clinically meaningful differences at all postoperative time points in favor of the direct anterior approach. All patients in our study performed the 6MWD immediately before the Trendelenburg test to preexhaust the abductors to reveal those with borderline function. Previous studies have reported between 18% and 50% of patients demonstrate a positive Trendelenburg test before THA [23, 39] and up to 28% postoperatively using the direct lateral approach [3, 37] , comparable to our results. Regardless of approach, patients with a positive Trendelenburg test had clinically lower scores than those with a negative Trendelenburg test. Amlie et al. [2] compared different approaches in THA, reporting limping as a factor associated with lower patient-reported scores after THA. In concordance with our study, this indicates that care must be taken to avoid abductor weakness, either through choice of approach or careful management of the abductors if using the direct lateral approach.
We found a high incidence of nerve injuries in our direct anterior group. Damage to the peroneal nerve in THA is stated to be 0.07%, but the cause of damage is not established [29] . Other studies have indicated a risk of damage to the femoral nerve between 0.1% and 0.26% [25, 29] . The reasons for this are unclear. One reason could be that these injuries might not be reported given that patients regained full function before 3 months. Our patients were followed closely by physiotherapists during admission and were admitted for 4 days as a result of registration of serum enzymes and pain. This could perhaps reveal cases with borderline femoral nerve function that otherwise would go unnoticed, given that if not recorded during admission, it would go unnoticed. The local infiltration anesthesia could potentially be a factor, although we have no data to substantiate this speculation.
In the direct lateral group, four patients underwent surgery as a result of detachment of the gluteus medius and minimus. Abductor deficiency after THA is reported to be up to 22% [30] , an indication that detachment of the anterior portion of the medius and minimus might often be overlooked. Svensson et al. [47] have reported that there is a separation of the reinserted portion of the muscle in 50% of THAs using the direct lateral approach, but that separation to a certain degree can be compensated for. As reported by Odak and Ivory [37] , there is no consensus regarding the indication for reoperation as a result of gluteal insufficiency, making it difficult to know when to offer patients a reoperation. Before reoperation, all four of our patients had both poor clinical abductor function as well as an MRI indicating detachment of the muscle, which should provide a good indication for surgical repair, but in light of the fact that only two of the four improved, reoperation might not have been warranted. The result after reattachment surgery was comparable to results reported by other authors [37] and illustrates the difficulty in dealing with abductor deficiency after use of the direct lateral approach.
In conclusion, based on our findings, no case for superiority of one approach over the other can be made, except for the reduction in postoperative Trendelenburg test-positive patients using the direct anterior approach compared with when using the direct lateral approach. Irrespective of approach, patients with a positive Trendelenburg test had clinically worse scores than those with a negative test, indicating the importance of ensuring good abductor function when performing THA. The direct anterior approach was associated with nerve injuries that were not seen in the group treated with the lateral approach.
